INTRODUCTION 1. UVOD
The growth of paper consumption leads to the increase of the demand for fi brous material in pulp and paper industry (Daud and Law, 2010) . Due to decreases in forests and increasing environmental awareness, seeking alternative non-wood raw metarials for papermaking has been the subject of scientifi c interest (Kaldor, 1992) . Non-wood plant fi bers, such as bagasse, wheat and rice straws, bamboo and kenaf are being used in the manufacture of pulp and paper (Ashori et al., 2006) . Search for new non-wood raw materials will lead to discover alternatives to wood-based raw materials. Cotton (Gossypium hirsutum) stalks (Gencer et al., 2001 ; Tutus et al., 2010a), Crambe orientalis and C. tataria (Tutus et al., 2010b) , and tea (Camellia sinensis) wastes (Tutus et al., 2015) were evaluated for their chemical composition and fi ber characteristics.
I. tinctoria L. (Brassicaceae) or woad is a biennial or perennial herb growing up to 120 cm in height (Stoker et al., 1998a; Guarino et al., 2000) . The fl owers are small and yellow in color, and the leaves are hastate with minute auricles (Guarino et al., 2000) . I. tictoria is one of the sources of the blue dye indigo (Maugard et al., 2001 ) and was cultivated in the Mediterranean countries for centuries to produce indigo (Fréchard et al., 2001; Stoker et al., 1998b) . Besides dyeing properties, phytochemical, biological and pharmacological investigations have been carried out on I. tinctoria due to its medicinal properties. Antibacterial, antifungal, antiviral and cytoinhibitory activities were screened from Isatis extracts and constituents were selected (Hamburger et al., 2002) . I. buschiana is also a biennial or perennial plant species, the fl owering time is in May-July and the fruits can be observed in June-August (Davis, 1965) . The herb can grow up to 98 cm in height (Comlekcioglu et al., 2014) . In contrast to I. tinctoria, blue coloring dye could not be obtained from I. buschiana (Comlekcioglu et al., 2015) .
The aim of this study was to determine the chemical and morphological properties of I. tinctoria and I. buschiana stalks. Kraft-AQ pulping method of Isatis stalks was also investigated to evaluate the potential use of Isatis in pulp production. To the best of our knowledge, this is the fi rst report evaluating the I. tinctoria and I. buschiana as a raw material for paper production. Isatis stalks waste obtained from indigo production is a sustainable fi ber source since the waste is not used for another purpose. This waste should be used in the paper industry in order to provide income for indigo producers.
MATERIALS AND METHODS

MATERIJAL I METODE
2.1
The plant materials 2.1. Biljni materijal I. tinctoria was grown in Kahramanmaras/Turkey in 2013 using the seeds provided from the previous study (Comlekcioglu et al., 2014 ) and stalks were obtained from the breeded I. tinctoria after 7 months. I. buschiana was collected from native fl ora in 2013 and identifi ed using Flora of Turkey and East Aegean Islands (Davis, 1965 ).
Morphological properties of fi bers 2.2. Morfološka svojstva vlakanaca
The fi ber lengths and widths, lumen diameters, and cell wall thicknesses, as the morphological properties of raw materials, were measured with a microscope. To measure the fi ber morphologic properties of the specimens (0.5 mm thick and 2 cm long, parallel to the fi ber), the chloride method was performed (Wise and Karl, 1962) . In this method, specimens were immersed into chloride solution until they were defi bered. Fiber dimension variables were measured using Olympus BX51 microscope with 10X ocular lens provided with a measuring scale. Fiber width and lumen diameter were measured with a magnifi cation of 40X object lens and the fi ber length was measured with a magnification of 10X object lens. Mean values were calculated from the measurement of 100 fi bers in each plant. The felting rate, elasticity coeffi cient, rigidity coeffi cient, runkel index and F factor were calculated by using the equations below (Tutus et al., 2010b) (Wise and Karl, 1962) and Kurscher-Hoffer method (Browning, 1967) , respectively. The raw material samples, 5 g of oven-dried weight, were placed into a 500 mL Erlenmeyer fl ask, to which 200 mL of deionized water (having a temperature of 90 ºC) was then added, followed by 10 mL of acetic acid and 2.5 g of 80 % (w/w) NaClO 2 . An optional 25 mL Erlenmeyer fl ask was inverted in the neck of the reaction fl ask. The fl ask was kept in a water bath at 90 ºC for 60 min, at which time 10 mL of acetic acid and 2.5 g of 80 % (w/w) NaClO 2 were added with shaking. The 60 min cycle was repeated for up to 6 cycles. At the end, the fl ask was stoppered and cooled with cold water to stop the reaction. The reaction mixture was then fi ltered using a tared fritted disk glass Table 2 shows the chemical properties and some solubility values of Isatis stalks and its comparison with several fi brous raw materials. Lignin contents of the studied Isatis stalks are comparable to hardwood and annual plants (20-24 %) , and lower than softwoods (25-32 %). The holocellulose content of Isatis stalks were found as 67.1 and 70.1 %; most annual and coniferous plants were found between 61-82 %. -cellulose content of I. tinctoria (48.5 %) and I. buschiana (32.9 %) were found to be comparable to other nonwoods (Table 2) . I. tinctoria and I. buschiana had higher ethanol-toluen-acetone, alkali and water solubility. The higher solubility resulted in lower pulp yield and higher BOD load in the effl uent (Jahan et al., 2006 ).
Morphological characteristics 3.2. Morfološka svojstva
Morphological characteristics of I. tinctoria and I. buschiana stalk fi bers and the comparison of several raw material fi bers are given in Table 3 . The image of the fi bers is shown in Figure 1 . The mean fi ber length thimble, washed with cold water and acetone, and dried at 105 ºC until the crucible weight was constant, and the holocellulose content was calculated. The cellulose was obtained by refl uxing wood meal three times for 1 h with a 1:4 (v/v) mixture of nitric acid and ethanol. Three replicates were done for each experiment, and mean values were used.
Pulping and handsheets
Priprema celuloze i listova papira
Air dried Isatis stalks were cleaned and cut into pieces about 6-8 cm long. To determine the optimum pulping conditions, 4 cooking experiments were carried out on Isatis stalks, using kraft-anthraquinone (AQ) processes. Pulping conditions are given in Table  1 . Pulping experiments were performed in 15-L electrically heated laboratory rotary digester. At the end of pulping, the pulp was washed, disintegrated in a pulp mixer and screened on a 0.15 mm slotted plate. The pulp yield was determined as dry matter obtained on the basis of oven dried stalks. Screened pulp was beaten in a Hollander type beater to 55 ºSR freeness. Ten Table 5 shows the relationships between paper physical properties and fi ber morphological properties. Increases of fi ber length and decreases of cell wall thickness have a signifi cant effect on paper physical properties. Burst, tear and double fold strength increase with the increase of fi ber length. With the increase of cell wall thickness, burst and double fold strength decrease, while tear strength increases (Dinwoodie, 1965 ).
Pulp yield 3.3. Prinos celuloze
Due to similar chemical composition and morphological characteristics of I. tinctoria and I. buschiana, the pulp and paper studies were performed by mixing the stalks of both Isatis species. In this study, the fi rst pulping trials of Isatis stalks were performed using soda-AQ; however, pulp yield was found to be low. The values of delignifi cation rate and screened yield were low; however, the screen reject value was high for the pulp obtained using soda-AQ (data not shown). Therefore, Isatis stalks were cooked by kraft-AQ at 23 % active alkali and 25 % sulfi dity. As shown in Table 6 , the increase of the AQ charge to 0.5 % also increased the total pulp yield to 34.93 %. Anthraquinone (AQ) is used as a digester additive in the production of pulp by alkaline processes, as well as by the Kraft, the alkaline sulfi te or the Soda-AQ processes. The anthraquinone is a redox catalyst. The reaction mechanism may involve single electron transfer. AQ oxidizes the reducing end of polysaccharides in the pulp, i.e., cellulose and hemicellulose, and thereby protects it from alkaline degradation (peeling) (Samp, 2008) . The conditions were selected just to evaluate the pulping potentials of Isatis stalks as raw material. It is, therefore, necessary to optimize the conof I. tinctoria and I. buschiana stalks was less than that of both softwood (2.7-4.6 mm) and hardwood (0.7-1.6 mm) fi bers. The fi ber width of Isatis stalks was less than that of hardwood fi bers (20.0-40.0 μm), however comparable to wheat and cotton stalks, golpata fronds and C. cardunculus (Table 3 ). The lumen width of Isatis stalks was found to be higher than that of wheat straw, and less than that of C. cardunculus. The fi ber parameters calculated with the fi ber characteristics are given in Table 4 . Felting power is widely used to determine the suitability of raw material for paper production (Tutus et al., 2015) . The felting power of I. tinctoria and I. buschiana were 39.7 and 38.1, respectively, and these values were close to the hardwoods. Although the Isatis stalks would be classifi ed as short fibers, overall morphological properties of I. tinctoria and I. buschiana stalk fi bers were found satisfactory for papermaking trials. 
Physical and optical properties 3.4. Fizikalna i optička svojstva papira
Handsheets were produced from Isatis stalk pulp to determine their physical and optical properties. The measured physical and optical properties are given in Table 7 . According to the results, higher values of the breaking length, tear index and burst index were recor- Table 5 The relationship between paper physical properties and fi ber morphological properties (Bostanci, 1987; Bektas et al., 1999; Istek et al., 2009 ) Tablica 5. Odnos fi zikalnih svojstava papira i morfoloških svojstava vlakanaca (Bostanci, 1987 ded for the beaten pulp than for the unbeaten pulp, while brightness and whiteness were higher in unbeaten pulp. In this study, AQ charge further increased the breaking length and burst index, while it decreased the tear index. In beaten pulp, 0.1 % AQ charge improved the brightness and whiteness by 6.3 % and 10.02 %, respectively, and decreased the yellowness by 2.3 %. The physical properties of a pulp sheet are closely related to morphological properties of pulp fi ber (Young, 1981 These values were comparable with the properties of Isatis paper sheet strength.
CONCLUSIONS 4. ZAKLJUČAK
Using non-wood raw materials has become a critical issue in regions with inadequate forest or wood resources. Therefore, evaluating the potential agricultural fi ber sources as raw material for pulp and paper industry has received considerable attention. I. tinctoria is a well known plant as an indigo dye plant. I. tinctoria is an annual plant that grows in 7-8 months after the sowing. To the best of our knowledge, I. tinctoria and I. buschiana were evaluated as raw material for making pulp and paper for the fi rst time in this study. As a conclusion, holocellulose, -cellulose and lignin in Isatis stalks were comparable to hardwood and several non-wood plants. It was found that physical strength was higher in beaten pulp, while optical properties were higher in unbeaten pulp. Although higher solubilities and lower felting coeffi cient will cause lower pulp yield and strength properties, Isatis stalks can be used for paper production when mixed with long fi brous materials. Besides, Isatis stalks can be used instead of wheat stalks in pulp and paper production as they have similar chemical and morphological properties. When considering the shortage of raw material in pulp and paper industry, the use of Isatis stalks with softwood pulp would contribute signifi cantly to an economic supply of raw material for pulp and paper production.
